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Although the influence of microbiomes on the health of plant hosts
is evident, specific mechanisms shaping the structure and dy-
namics of microbial communities in the phyllosphere and
rhizosphere are only beginning to become clear. Traditionally,
plant-microbe interactions have been studied using cultured
microbial isolates and plant hosts but the rising use of ‘omics
tools provides novel snapshots of the total complex community in
situ. Here, we discuss the recent advances in tools and techniques
used to monitor plant-microbe interactions and the chemical
signals that influence these relationships in above- and below-
ground tissues. Particularly, we highlight advances in integrated
microscopy that allow observation of the chemical exchange
between individual plant and microbial cells, as well as high-
throughput, culture-independent approaches to investigate
the total genetic and metabolic contribution of the commu-
nity. The chemicals discussed have been identified as relevant
signals across experimental spectrums. However, mechanistic
insight into the specific interactions mediated by many of
these chemicals requires further testing. Experimental de-
signs that attempt to bridge the gap in biotic complexity
between single strains and whole communities will advance
our understanding of the chemical signals governing plant—
microbe associations in the rhizosphere and phyllosphere.

Keywords: bacteria-plant symbiosis, endophytes, microscopy and
imaging, rhizosphere and phyllosphere ecology

Plants and their associated microbes dramatically influence
each other’s lifestyles and health trajectories. Plant tissues provide
a source of labile nutrients and niche space to microorganisms,
while beneficial microorganisms increase growth, abiotic stress
tolerance, and pathogen resistance of their plant host. As each
plant microbiome forms, intra- and interkingdom interactions at
the tissue interface can influence the overall assemblage and
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functioning of the microbial community. These interactions
are often studied at the extremes of complexity, utilizing
molecular and ‘omics techniques to investigate either single
strains or whole microbial communities (Fig. 1). Although both
approaches provide valuable information to the plant-microbe
interactions field, it is often difficult to directly link these two ends
of the experimental spectrum. Interestingly, however, key chem-
icals mediating interactions in the rhizosphere (the layer of soil
surrounding the root system), root endosphere (internal root tis-
sue), and phyllosphere (aboveground plant surfaces and internal
tissues) have been identified by multiple studies, suggesting a
strong biological relevance across experimental scales.

Research investigating how individual microbial strains initiate
interactions, successfully colonize, and influence the health of
their plant hosts is growing. Although these plant—microbe inter-
actions occur on small spatiotemporal scales, their effects are often
observed on the whole plant days to weeks after initial contact.
Single bacterial strain—plant molecular investigations often
overlook the crucial biotic complexity encountered in natural
environments. At the microbiome level, huge datasets (e.g.,
metagenomics and metabolomics) are often generated using ho-
mogenized, whole-tissue samples. Although these approaches
provide a glimpse into dynamic in situ community interactions,
the resulting data are complex and must be approached with tar-
geted hypotheses in order to yield meaningful conclusions, and
still often provide only correlative insight. Although large
community-level datasets generate hypotheses regarding genetic
and chemical targets mediating plant—microbe interactions, strain-
specific studies in axenic systems allow definitive characterization
of the causative mechanisms. Importantly, these two types of ex-
perimental approaches are complementary and often corroborate
each other. Thus, the intersection of these approaches facilitates
discovery of novel mechanisms and the placement of these find-
ings into a larger biological context. Of increasing interest is the
translation of insights from basic plant-microbe research into
agricultural practices to improve plant performance in the face of
increased abiotic stress. Effectively doing this requires a thorough
understanding of the scalability and resilience of interaction
mechanisms across ecosystem types.

There is ample information available on chemical exchanges
and molecular dialogues that direct the establishment of bac-
terial and mycorrhizal pathogens or symbionts with host plants.
Because these symbiotic (e.g., rhizobia nodulation and my-
corrhizal fungi) and pathogenic (which can be considered a
form of specialized symbiosis) interactions have been exten-
sively reviewed (Nadal and Paszkowski 2013; Oldroyd 2013;
Schmitz and Harrison 2014; Venturi and Fuqua 2013; Venturi
and Keel 2016; Via et al. 2016), we will not discuss them in
detail here. In contrast, much less is understood about how
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microorganisms that do not strictly fit within either of these in experimental designs to study plant—microbe associations in
categories interact with host plants. These microbes and the the rhizosphere and phyllosphere at multiple scales.
communities they form may be beneficial, neutral, or harmful

to the plant host under a variety of conditions, the mechanisms TOOLS AND TECHNIQUES

of which are generally unknown. Therefore, in this review, we

focus on the signals that drive plant—bacteria interactions, Multiple techniques used to track plant-microbe associations
rather than the subsequent result of the interaction on host highlight a critical role for chemicals in structuring these as-
health. Although many critical chemical compounds have been sociations across spatial and temporal scales. Several mecha-
identified, we primarily discuss sugars, amino acids, organic nisms exist by which plants and microbes influence each
acids, phenolic compounds, and plant hormones, which have other’s growth, and understanding how the components of in-
been implicated by both single-strain and whole-community dividual interactions combine to result in a whole, dynamic
approaches. Additionally, we suggest approaches to bridge gaps community is only now coming into focus. Recent advances in
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Fig. 1. Chemical signals mediating plant-microbe interactions have been identified using a variety of experimental tools. Many classes of compounds
have direct or indirect evidence supporting their role in mediating phenotypes at different spatial scales. Molecular tools such as microscopy and
biochemical assays can reveal specific mechanisms between plants and single microbial strains at cellular scales (yellow shading). These interactions
are often investigated using a small set of model plant and bacterial systems, which can limit biological relevance to complex environmental systems.
Conversely, ‘omics tools such as metagenomics and metabolomics provide a glimpse into all interactions occurring within a system at a given sample
point (blue shading). Resulting data are often correlative and hypothesis driving but mechanisms facilitating specific interactions are difficult to pin
down without additional testing. One potential approach to bridge these two experimental toolsets is to use refined communities (such as synthetic
communities or enrichments) of microorganisms (green shading). An advantage to synthetic communities is that microbial isolates, or specific genes
within single isolates, can be added to or removed from the community to observe resultant effects. Enrichment communities use a wild inoculum and
more broadly encompass the natural functional potential of an ecosystem. Refined communities more accurately capture biotic complexity and emergent
effects present in natural systems, while still allowing the tractability and control of a laboratory setting. The compounds drawn in each shaded section
represent chemicals that have been specifically identified by different types of experimental approaches and are not exhaustive of the current literature.
Chemical structures are colored according to the legend in the white box. Fru = fructose, PA = protocatechuic acid, MA = malic acid, SyrA = syringic
acid, MBOA = 6-methoxy-benzoxazolin-2-one (benzoxazinoid breakdown product), SA = salicylic acid, OA = oxalic acid, Pro = proline, and Sco =
scopoletin.
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visualizing microscopic interactions and culture-independent
techniques to quantify biological and chemical components in a
system provide distinct yet complementary insights into rhi-
zosphere and phyllosphere interactions.

Microscopy.

The ability to directly visualize cellular associations via
microscopic techniques allows interactions to be monitored at
microbially relevant spatial and temporal scales. Microscopic
characterization of plant-microbe associations has benefited
from advances in live microscopy, including the development
of fluorescent dyes, coupled with microfluidics and spectral
analytical methods. Although live microscopy offers clear
advantages to visualize how these interactions become estab-
lished, there are limitations regarding the nature of the
processes that can be visualized. On the other hand, micro-
scopic techniques using fixed samples typically reach higher
spatial resolution but only allow for end-point analyses. Mi-
croscopic techniques are well suited to understand interactions
between single microbial strains and single plant hosts, espe-
cially when these analyses include comparisons of defined
mutants in characterized pathways. In these cases, microscopy
is a straightforward method to test specific hypotheses. New
combinatorial labeling techniques are beginning to offer insight
into simple community dynamics as well. Additionally, tech-
niques tying microscopy to chemical analyses are providing
novel insight into metabolites mediating these interactions.

Plant-microbe interactions can be investigated on a micro-
scale through live imaging of fluorescently labeled microbial
strains. Studies using this approach have shown chemotactic
accumulation of microbes to plant tissue, such as with a Ba-
cillus subtilis strain colonizing Arabidopsis thaliana roots
within a few hours (Allard-Massicotte et al. 2016). Recently,
the development and application of microfluidic devices
allowed short-term uninterrupted and real-time visualization
of these interactions. Massalha et al. (2017) used a newly de-
veloped system, termed a tracking root interactions system, to
reveal discrete steps in the initial interaction between B. subtilis
and A. thaliana. By observing the motility behavior of
B. subtilis around the roots of A. thaliana inside the micro-
fluidics device, these authors demonstrated that motile cells
accumulated in the root elongation zone within 30 min of
bacterial inoculation, followed by a gradual spread across other
root regions, presumably through biofilm formation (Massalha
et al. 2017).

Although system miniaturization facilitates precise experi-
mental control, it can also impose strict size limits on usable
plant systems. The small root systems of A. thaliana seedlings
are amenable to these small setups but larger, agriculturally
relevant crops would likely present technical difficulties. A
potential method to overcome the size limitation of micro-
fluidic devices is the use of transparent soil for in situ studies.
Artificial soil particles provide an analog for the naturally
heterogenous aggregate environment of the soil but with a low-
refractive index suitable for microscopic imaging (Downie
et al. 2012). The particles, made with Nafion, allow plant roots
to encounter complex physical stimuli and develop similarly to
natural soil conditions. The Nafion refractive index is very
close to that of an aqueous solution, thus allowing researchers
to add plant nutrient solution and image through both the par-
ticles and solution to view interactions without light distortion
due to refraction. This enables spatial investigations of bacterial
strains in vivo and has been used to reveal colonization patterns
of Escherichia coli and Pseudomonas fluorescens on Lactuca
sativa (lettuce) roots (Downie et al. 2012, 2014).

Live-imaging approaches can also track multiple microbial
strains in tandem. For example, Massalha et al. (2017) showed
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that B. subtilis actively excludes E. coli from the root surface in
dual-inoculation experiments. As long as fluorescent reporters
are sufficiently distinct and appropriate filters are available,
imaging techniques can separate signals from multiple mi-
crobes. Recent work in the oral microbiome successfully used
seven different fluorescent dyes to track polymicrobial dy-
namics over space and time in vitro, which could lend itself to
the study of plant-bacteria interactions (Shrivastava et al.
2018). These nontoxic dyes bind to components of the cell such
as free amine groups, providing a nondiscriminatory way of
fluorescently labeling a population of cells. Because these dyes
do not require genetic manipulation, a larger variety of mi-
croorganisms can be investigated, beyond genetically tractable
lab strains. A major drawback to using nongenetically encoded
fluorescence, however, is that cell division dilutes the signal
rapidly and thereby restricts the time scales amenable to this
approach.

Although microscopic techniques allow researchers to visu-
alize interactions at the cellular level, the chemicals mediating
these interactions often remain enigmatic. Fixed samples pro-
vide an alternative route to live imaging for probing chemicals
that drive plant-microbe interactions. One method to tie me-
tabolites to microscopy is pairing Raman spectroscopy with
scanning electron microscopy. Researchers using this technique
were able to link the production of lignin, pectin, chlorophyll,
and indole acetic acid to interactions between A. thaliana and a
Pantoea isolate (Polisetti et al. 2016). Although promising, this
technique still faces technical challenges related to minimizing
strong root autofluorescent signals, which can only be over-
come by aging the plants (Polisetti et al. 2016). In the leaves,
researchers face similar problems with autofluorescence of
photosynthetic pigments. Leaf fluorescent in situ hybridization
corrects for photosynthetic pigment autofluorescence and ac-
counts for the three-dimensional structure of leaves. This
technique has been used to demonstrate differences in niche
preference and proliferation within a single bacterial genus
(Peredo and Simmons 2018). The observed distribution of
bacterial cells correlated with chemical distribution results
from quantitative nuclear magnetic resonance paired with im-
aging high-resolution mass spectrometry, revealing that amino
acids and sugars were likely used to support microbial growth
in leaves (Ryffel et al. 2016).

Another approach for teasing apart the influence of certain
chemicals on colonization is to use genetic knockouts and
compare wild-type to mutant interaction phenotypes. The
tractability of bacterial chemotaxis pathways has made it an
insightful model to decipher specific chemicals that motile
bacteria respond to in various environments, including plant
rhizospheres (Pii et al. 2015; Scharf et al. 2016). Genetic
knockouts with altered colonization or plant interaction phe-
notypes can then be linked to the chemicals related to that
specific receptor (Allard-Massicotte et al. 2016). Chemotaxis
assays can illuminate which ligands present in root exudates are
substrates for specific chemoreceptors (Feng et al. 2018). Al-
though technical progress is evident, increasing both spatial and
temporal resolutions of these microscopic and analytical
methods is required to gain a realistic understanding of the
interplay between the chemistry of plants and their associated
microbes.

Comparative genomics and
culture-independent approaches.

The emergence of high-throughput sequencing facilitates
large-scale investigations of in situ plant-microbe interactions,
even within highly complex communities. Microorganisms that
are readily isolated in the laboratory can have their entire ge-
nomes sequenced and annotated at rapid and high-quality rates.



Fully sequenced genomes can then be compared using com-
putational tools to identify conserved and unique traits across
different environments, lifestyle, or other metadata categories.
Although many members of the plant microbiome can be cul-
tured (Bai et al. 2015), there are still biologically important
microorganisms that elude isolation techniques. Therefore,
applying techniques such as amplicon and metagenomic se-
quencing that do not require prior cultivation can help advance
the field in a multitude of directions.

Whole-genome analyses of cultured microorganisms can
reveal genetic determinants for niche adaptation in the plant
environment. Work by Levy et al. (2018) compared the ge-
nomes of over 3,800 bacterial isolates to identify genetic fac-
tors that may represent adaptation to life in association with a
plant host or root system. They found that plant-associated
bacterial genomes had increased potential for chemotaxis and
carbohydrate metabolism or transport, suggesting that microbes
in the plant environment are attracted by metabolizable plant-
derived compounds. As more and more genomes are sequenced
and deposited in public databases, large-scale comparisons will
provide an avenue to develop hypotheses regarding interactions
between microbes and plant hosts that can then be tested in the
laboratory or field.

Culture-independent amplicon sequencing of the 16S or 18S
ribosomal RNA (rRNA) gene and internal transcribed spacer
region reveals the archaeal, bacterial, protist, and fungal com-
munity composition at each sampling point, which is useful for
understanding community-wide responses to plant develop-
ment stage, exudate composition, and environmental per-
turbations. However, because these amplicon surveys only
allow taxonomic exploration of the community, the functional
mechanisms behind community transitions remain unknown.
Analyses combining chemical, physiological, and genetic lines
of evidence with amplicon datasets can make powerful cases
for important mechanisms in the plant environment. Zhalnina
et al. (2018) linked 16S rRNA gene sequences, plant exome-
tabolomics, whole-genome sequences, and microbial substrate
use to identify chemical patterns in the oat rhizosphere. The
researchers found that bacterial taxa with increased relative
abundance in the root environment encoded more organic acid
transporters and imported more plant-derived amino acids, or-
ganic acids, sugars, quaternary amines, and phenolic com-
pounds than bacteria with decreased relative abundance in the
root environment (Zhalnina et al. 2018).

Metagenomic sequencing takes the taxonomic investigations
of amplicon sequencing a step further by revealing an untar-
geted subset of all genes present within a system. These studies
can provide a snapshot of the overall community genetic po-
tential, or bin metagenome-assembled genomes (MAGs) to
understand how specific microbial populations respond to the
environment. Metagenomic approaches provide an abundance
of data that can be difficult to parse, and it can be challenging to
differentiate active microorganisms from dormant members
and relic DNA. There are ways to target community sequencing
efforts to “active” members, such as through bioorthogonal
noncanonical amino acid tagging (BONCAT) and stable-
isotope probing (SIP). BONCAT and SIP approaches are both
based on active microbial members incorporating or trans-
forming chemical compounds that can be traced through time
(Singer et al. 2017). Briefly, SIP takes advantage of natural
isotopic ratios (often of C or N) to track biotic transformation
and incorporation of labeled compounds. BONCAT relies on
microorganisms incorporating artificial amino acids and syn-
thesizing them into new proteins (Hatzenpichler et al. 2014).
Active microbial members are then identified through density-
gradient centrifugation or whole-cell fluorescence approaches,
respectively. Although BONCAT has not yet been applied to

the plant microbiome, it has proved useful in other environ-
mental systems such as soil (Couradeau et al. 2019), and has the
potential to provide novel information about in situ activity. On
the other hand, several research groups have combined tradi-
tional DNA sequencing techniques with SIP (DNA-SIP) to
dissect plant-microbe interactions (Haichar et al. 2016). For
example, researchers characterized a Saccharibacteria MAG
from wild oat rhizosphere samples that encoded several
mechanisms relevant to life in the root—soil interface, including
degradation and detoxification of plant-derived phenolic com-
pounds such as salicylic acid (Starr et al. 2018). Very few
Saccharibacteria (formerly TM7) strains have been success-
fully isolated, which limits physiological studies of this phy-
lum. Therefore, culture-independent investigations can provide
a deeper understanding of the lifestyle of microorganisms that
presently elude cultivation and laboratory manipulation.

Although DNA approaches (such as amplicon sequencing,
metagenomics, and DNA-SIP) have been successfully opti-
mized and applied to plant and soil systems, many other in situ
approaches dealing with RNA, proteins, and metabolites
(metatranscriptomics, metaproteomics, and metabolomics) are
still largely limited by soil particle sorption and the inherent
complexity of the system. Although these tools are not dis-
cussed here, they have the potential to unlock a deluge of data
in the context of plant—microbe interactions (Knief et al. 2012;
Newman et al. 2016). Hydroponic systems offer a potential
work-around for the physical soil environment but cannot fully
mimic natural conditions. Future optimization and applica-
tion of these ‘omics tools will allow researchers to move be-
yond the genetic potential of a community and toward actual
gene expression.

CRITICAL CHEMICALS

As evidence mounts to suggest that chemical exchanges
between plants and microbes are the drivers of phyllosphere
and rhizosphere productivity, it becomes increasingly impor-
tant to parse the distinct role of specific signals in mediating
interactions. Although a variety of chemical compounds are
suggested to influence microbial colonization of plants, we
focus here on chemical signals identified across different ana-
lytical spectrums, highlighting the scalability of these com-
pounds to reveal meaningful biological interactions. These
include broad classes such as sugars, amino acids, organic
acids, phenolics, phytohormones, and other stress compounds,
focusing on several specific compounds of interest. Addition-
ally, we suggest future directions for targeted chemical
approaches.

Sugars.

Sugars are a labile source of carbon and energy that support
the growth of diverse microbes. Therefore, it is likely that sugar
compounds have a generic effect in attracting and sustaining
microbial communities across a variety of ecosystems. Re-
leasing simple sugars may be beneficial early in plant devel-
opment to collect a sufficient microbial population from which
more selective plant mechanisms may sculpt communities un-
der future environmental conditions. Overall, sugars may play a
significant role in rhizosphere and phyllosphere community
functioning, because carbohydrates are abundant in both plant
root exudates and in discrete pockets on the surface of leaves
(Chaparro et al. 2013; Ryftel et al. 2016; Zhalnina et al. 2018).

The relative abundance of sugars in leaves and root exudates
varies in response to developmental stage and microbial colo-
nization (Ryffel et al. 2016; Yamada et al. 2016; Yuan et al.
2018; Zhalnina et al. 2018). For example, sucrose and other
simple sugars are most abundant in Avena barbata and
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Arabidopsis thaliana root exudates during early developmental
stages, decreasing in relative abundance until senescence
(Chaparro et al. 2013; Zhalnina et al. 2018). Because sugars
are easily utilized by a wide array of microbes, their presence
can attract both beneficial and detrimental organisms. In
A. thaliana leaves, the abundance of glucose, fructose, and
sucrose are significantly correlated with the colonization pat-
terns of commensal Sphingomonas melonis, as well as patho-
genic P. syringae pv. tomato (Ryffel et al. 2016). A. thaliana
plants infected with P. syringae pv. tomato decrease the amount
of simple sugars released in root exudates and upregulate sugar
influx in roots (Yamada et al. 2016; Yuan et al. 2018). This may
be a mechanism used by the plant to reduce sugar availability,
thereby increasing microbial competition and indirectly defending
against pathogen infection.

In the roots, sugar exudates likely act as a mechanism to
attract bulk soil microorganisms to the root system. Soil mi-
crobes that can sense, move toward, and ultimately exploit
these compounds for growth are able to proliferate in the
nutrient-rich rhizosphere. Indeed, genes for signal transduction
and carbohydrate transport are enriched in plant-associated
bacteria relative to their nonplant-associated counterparts
(Levy et al. 2018). Additionally, chemotaxis receptors specific
for sugars have been identified in soil bacteria, including
B. subtilis (galactose) and B. amyloliquefaciens (Feng et al.
2018; Ortega et al. 2017). Although a specific receptor has not
yet been identified, Rhizobium leguminosarum bv. vicae is
attracted to galactose and mannitol, and the chemotaxis operon
that facilitates sugar attraction is also essential for pea plant
nodulation (Miller et al. 2007). Despite the abundance of sugars
in plant root exudates, there are fewer carbohydrate-specific
chemotaxis receptors characterized to date than those sensing
amino acids or organic acids (discussed below). One possible
explanation is that sugars can also be sensed independently of
chemotaxis receptors, via a direct interaction of phospho-
transferase systems for sugar enzymes with chemotaxis sig-
naling complexes, as shown previously for E. coli (Somavanshi
et al. 2016). Initial promotion of diverse plant—microbe rela-
tionships through sugar exudation allows plants to generate a
pool of microbes from which to preferentially foster their
communities via selective chemicals that are present later in
development.

Amino acids.

Amino acids are highly abundant in the rhizosphere at later
developmental stages and may potentially influence plant
growth and bacterial attraction to the system. Plants undergoing
pathogen infection alter their root amino acid exudation pat-
terns. P. syringae pv. tomato infection causes A. thaliana to
secrete more amino acids and long-chain organic acids, coupled
with reduced exudation of simple sugars and short chain or-
ganic acids (Yuan et al. 2018). This suggests a potential se-
lection for specific microbial community members, because
short-chain compounds may be easier to metabolize by a wider
range of microbes and, therefore, offer little selection power to
the host plant. Additionally, amino acid exudation is most
abundant in Avena barbata vegetative developmental stages
(weeks 6 to 9), after the initial recruitment and assembly of the
microbiome (Zhalnina et al. 2018).

To be responsive to the dynamic plant environment, microbes
must be able to sense extracellular amino acids, presumably via
dedicated receptors (Ortega et al. 2017; Wadhams and Armit-
age 2004). A large repertoire of chemotaxis receptors that
directly bind amino acids with a range of specificity and se-
lectivity have been identified in root-associated bacteria
(Ortega et al. 2017; Scharf et al. 2016). Many of these receptors
recognize and trigger chemotaxis toward several amino acids.
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For instance, Sinorhizobium meliloti and B. subtilis colonize
Medicago sativa and Arabidopsis thaliana, respectively, and
chemoreceptors specific for amino acids found in root exudates
were directly implicated in this ability (Allard-Massicotte et al.
2016; Webb et al. 2014; Webb et al. 2016). S. meliloti encodes
McpU, a broad amino acid sensor, which must be functional to
facilitate root colonization (Webb et al. 2014, 2016). Likewise,
B. subtilis encodes two amino acid-specific chemoreceptors,
McpA and McpB, that contribute to the successful colonization
of A. thaliana (Allard-Massicotte et al. 2016). The kiwifruit
leaf pathogen P. syringae pv. actinidiae possesses 43 chemo-
receptors, and a recent study has found that at least 3 receptors
(i.e., PscA, PscB, and PscC) sense a broad range of amino acids
(McKellar et al. 2015), though their importance in plant colo-
nization or pathogenicity has not been experimentally demon-
strated. Amino acids appear to be critical in shaping specific
associations with many microorganisms, and exudate concen-
trations may be manipulated by the plants to foster specific
interactions at critical developmental stages. The widespread
distribution of amino acid-specific receptors in plant-associated
bacteria provides another indirect line of evidence that these
molecules are important in shaping plant-microbe associations.

Organic acids.

Plants produce organic acids such as tricarboxylic acid to
cycle intermediates and to combat cation-anion imbalance
(Chang and Roberts 1992; Jones 1998). Bacteria can sense
organic acids and use them as carbon substrates and signaling
molecules. Organic acids such as malate, citrate, and fumarate
are abundant in the rhizosphere of diverse plants and hypoth-
esized to have a more selective influence on root-associated
microbial communities than other exuded compounds such as
simple sugars (Chaparro et al. 2013). Many microbial genes
were annotated as organic acid transporters in bacterial strains
isolated from the rhizosphere of Avena barbata (Zhalnina et al.
2018), suggesting that microbes with this functional capacity
are able to make a living in the rhizosphere.

Recent studies demonstrated that organic acids play a role in
attracting bacteria to several plant species (banana, cucumber,
and wheat) by promoting chemotactic responses and sub-
sequent biofilm formation (Liu et al. 2014; Zhang et al. 2013;
Zhou et al. 2015). For example, B. amyloliquefaciens NIN-6
chemotaxes toward malate in banana exudates. Although
malate promotes chemotaxis, fumarate induces biofilm for-
mation once the bacterium arrives at the root surface (Zhou
et al. 2015). Another study focusing on B. amyloliquefaciens
SQRO found that the strain preferentially colonized cucumber
plants that were infected with Fusarium oxysporum f. sp.
cucumerinum compared with healthy plants. F. oxysporum f. sp.
cucumerinum-infected plants exude more citrate and fumarate,
which promote B. amyloliquefaciens SQR9 chemotaxis and
biofilm formation, respectively (Liu et al. 2014). Although
dedicated organic acid chemoreceptors have yet to be identified
in these plant-colonizing bacterial strains, organic acids seem to
be a driving force in root recognition and colonization. Other
bacterial species such as P. putida F1 and P. putida KT2440
possess chemotaxis receptors identified and characterized as
directly binding organic acids (McpR and McpS) but their role
in sensing exudates is unclear (Garcia et al. 2015; Parales et al.
2013). In addition to being sensed directly by binding to spe-
cific regions within chemotaxis receptors, organic acids can
also be detected indirectly via their effects on bacterial me-
tabolism, a process termed as energy taxis (Greer-Phillips et al.
2004). Energy taxis receptors monitor redox changes that are
produced when the organic acids are catabolized (Schweinitzer
and Josenhans 2010; Taylor et al. 1999). The abundance and
diversity of organic acid chemotaxis receptors identified in



bacterial genomes to date (Garcia et al. 2015; Lacal et al. 2010;
Ortega et al. 2017; Parales et al. 2013), paired with the strong
chemotaxis responses elicited by organic acids in plant-
colonizing isolates, underscores their likely role in attracting
bacteria to root surfaces. Consistent with this idea, organic acid
chemotaxis receptor mutants highlight the importance of or-
ganic acid sensing in attracting bacteria to plant roots (Feng
et al. 2018; Greer-Phillips et al. 2004).

Phenolic compounds.

Although plants generate phenolic compounds during
growth, their influence on both the host plant and the microbial
community members can range from positive to negative based
on concentration. For example, cucumber plants can increase
syringic acid concentrations in the surrounding soil to levels
that result in their own soil sickness (Wang et al. 2018). One
study exogenously applied syringic acid to potted cucumber
plants and observed decreased Shannon’s diversity of the bac-
terial community. Specifically, Proteobacteria increased in
relative abundance while Firmicutes decreased in relative
abundance (Wang et al. 2018), suggesting that different types of
microbes might be differentially affected by these compounds.

Coumarins are a broad set of molecules secreted by the plant
to aid in nutrient mobilization under iron- and phosphate-
limiting conditions, with some also possessing antimicrobial
properties (Verbon et al. 2017). Recent studies highlight the
role of a variety of coumarins in shaping root-associated mi-
crobial community structure in Arabidopsis thaliana (Stringlis
et al. 2018; Voges et al. 2019). In particular, host scopoletin
transport was found to influence microbial community struc-
ture under iron-limiting conditions, correlating with an in-
creased abundance of several members of the Bacteroidetes
phylum (Stringlis et al. 2018). Catecholic coumarins, including
sideretin, fraxetin, and esculetin, were shown by Voges et al.
(2019) to alter the composition of a synthetic microbial com-
munity in the rhizosphere of A. thaliana. Specifically, the au-
thors hypothesized that the catecholic coumarins had an
antimicrobial effect on a dominant Pseudomonas strain,
thereby altering the dynamics of the remaining community
members. Exogenous application of coumarins restored wild-
type community structure phenotypes to coumarin export mu-
tant plant lines (Voges et al. 2019), suggesting a direct role of
these compounds in altering microbiome structure.

Although phenolic compounds may have antimicrobial ac-
tivity toward some microbial taxa, others are attracted to these
compounds. Bacterial chemotaxis toward phenolic compounds
such as hydroxybenzoate and protocatechuate was discovered
in rhizosphere Pseudomonas strains (Krell et al. 2012; Sampedro
et al. 2015), indicating that these compounds may also con-
tribute to attracting bacteria to the rhizosphere. Dedicated
chemotaxis receptors that directly bind dihydroxybenzoate and
hydroxybenzoate were recently characterized in Comamonas
testosteroni (Huang et al. 2016), a strain isolated from a
wastewater treatment facility. The presence of chemotaxis re-
ceptor paralogs specific for dihydroxybenzoate and hydrox-
ybenzoate in C. testosteroni suggests that others with similar
function might also be present in the soil, including the root—
soil interface. However, whether such paralogs are indeed
found in plant-associated bacteria and any related role of che-
motaxis toward such phenolic compounds in the establishment
of plant-microbe associations remain to be demonstrated.

Several phenolic compounds serve as signaling molecules,
attracting microbial symbionts to the rhizosphere of their le-
gume hosts (Aguilar et al. 1988; Caetano-Anollés et al. 1988;
Dharmatilake and Bauer 1992). Although it is clear that fla-
vonoids and other phenolic compounds regulate nod gene
expression and, thus, the symbiotic association of rhizobia

with legumes, the role of these compounds in the initial at-
traction of these bacteria and other microbes is debated, be-
cause no specific chemoreceptor has been identified and
specific chemotaxis responses have not been reproducible
(Scharf et al. 2016). Because the assays used to initially
measure chemotaxis response have notoriously poor sensi-
tivity and reliability, it is necessary to identify dedicated
bacterial chemotaxis receptors for flavonoid or phenolic acid
inducers. These identifications would provide conclusive ev-
idence that these compounds do, indeed, act as chemo-
attractants. Additionally, a more comprehensive analysis of
how exuded phenolic compounds impact the structure and
dynamics of the rhizosphere community is needed to better
define their regulatory roles in plant—microbe associations at
the level of the microbiome. Most work to date on phenolics
has focused in the rhizosphere and, therefore, very little is
known about the relative influence of phenolic compounds on
chemical crosstalk in the phyllosphere.

Hormones: Ethylene, jasmonic acid, and salicylic acid.

Plant hormones are synthesized during normal plant devel-
opment and in response to various abiotic and biotic stressors,
and have been shown to modulate the structure of surrounding
microbial communities (Bodenhausen et al. 2014; Carvalhais
et al. 2019; Lebeis et al. 2015). Plant ethylene perception has
been implicated in phyllosphere microbiome assembly while,
belowground, salicylic acid influences the root endophytic
community (Bodenhausen et al. 2014; Lebeis et al. 2015).
Strigolactones are important molecules mediating symbiotic
relationships between arbuscular mycorrhizal fungi (AMF)
and their host plants. It has been shown that plants mutated in
their ability to produce strigolactones have altered fungal
communities (beyond just AMF) but do not exhibit changes in
the rhizosphere bacterial community (Carvalhais et al. 2019).
This suggests that, under the experimental conditions tested,
strigolactones do not exert a major influence on bacterial
members of the plant microbiome and, therefore, will not be
discussed here. Additionally, auxin is a commonly studied
phytohormone found to play a role in many plant-microbe
interactions. Auxin is interconnected with many other hor-
monal pathways, which can make it difficult to dissect the
direct and indirect roles of auxin specifically (Shigenaga et al.
2017). Due to the abundance of literature available on this
topic, we direct readers to one of several reviews (Boivin et al.
2016; Kunkel and Harper 2018; Spaepen and Vanderleyden
2011) and, instead, restrict our focus to those hormones with
less experimental data.

Given the important role of plant hormones in development,
it is expected that rhizosphere microbes might detect these
compounds and adjust their motility accordingly. This as-
sumption prompted the search for chemotaxis responses toward
phytohormones. Chemotaxis toward jasmonate by the plant
pathogen Dickeya dadantii was suggested to modulate che-
moattraction toward vulnerable, wounded plant tissues to fa-
cilitate colonization (Antunez-Lamas et al. 2009). Similarly,
Pseudomonas chemotaxis to ethylene (Kim et al. 2007) was
found by using a concentration gradient. A precursor to eth-
ylene, 1-aminocyclopropane-1-carboxylate, also acts as a
strong chemoattractant to P. putida UW4 (Li et al. 2019). Al-
though P. aeruginosa PAO1, P. fluorescens, P. putida, and
P. syringae demonstrated chemotaxis in response to ethylene
(Kim et al. 2007), direct binding of ethylene to the proposed
chemotaxis receptor responsible for sensing ethylene in
P. aeruginosa, TlpQ, has not been observed (Corral-Lugo et al.
2018). This inconsistency between studies could be caused by
nonspecific initial responses or indirect ethylene sensing by

TIpQ.
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Several rhizosphere bacterial species (in the genera Bacillus,
Brevibacillus, Paenibacillus, Providencia, and Pseudomonas)
were attracted to salicylic acid, another plant hormone, in
chemotaxis assays (Li et al. 2012). On the other hand, che-
motaxis away from salicylic acid was recently observed for
B. amyloliquefaciens SQR9 in a different spatial gradient assay
(Feng et al. 2018), suggesting that salicylic acid might be used
to fine tune microbiome composition. Unfortunately, evidence
for the chemotaxis response in all of these examples is in-
complete, because nonchemotactic control strains were not
included or direct evidence of molecular recognition by iso-
lated chemotaxis receptors is lacking.

Without additional evidence for specific chemotaxis re-
sponses in gradients of phytohormones, these proposed mech-
anisms remain inconclusive. Furthermore, increased production
of phytohormones in plants is typically associated with addi-
tional responses that are usually meant to prevent bacterial
associations with plant tissues; thus, a clear rationale for the
evolution of specific chemotaxis responses to phytohormones
remains undeveloped. Because there are more lines of evidence
from ‘omics approaches than molecular evidence, the role
of plant hormones in dictating interactions might act on time
scales that preclude rapid chemotaxis responses or be indi-
rect connections whose signaling networks still need to be
characterized.

Other chemical compounds with emerging evidence.

In response to dynamic abiotic stimuli or microbial coloni-
zation, plants produce a variety of chemical compounds and
secondary metabolites often associated with stress. For exam-
ple, quaternary ammonium compounds are made by plants in
response to a variety of environmental stresses, and are most
abundantly exuded from Avena barbata during plant senes-
cence (Zhalnina et al. 2018). Quaternary amines such as glycine
betaine, trigonelline, and choline are exuded by germinating
alfalfa seed and attract motile S. meliloti to the rhizosphere
(Webb et al. 2016). A dedicated chemotaxis receptor senses
these quaternary ammonium compounds by direct binding in
this species, suggesting this attraction is important in the as-
sociation of S. meliloti with M. sativa roots (Webb et al. 2016).

Secondary metabolites often play a role in plant defense from
microbes, insects, and herbivores. Benzoxazinoids (Bx) are
nitrogenous secondary metabolites found in many cereal crops,
especially maize, that have been found to alter rhizosphere
microbial community structure and plant defense hormone
regulation (Hu et al. 2018; Kudjordjie et al. 2019). Hu et al.
(2018) showed that Bx exudate patterns altered the microbial
community, and that exogenous application of a Bx breakdown
product (6-methoxy-benzoxazolin-2-one) was sufficient to re-
store wild-type community patterns. Molecular studies have
also implicated Bx compounds in the chemotactic response of
P. putida KT2440 to maize roots (Neal et al. 2012). The young
plants used in two of these studies suggest that Bx may be used
as a chemical tool in the early development of the maize rhi-
zosphere microbiome (Kudjordjie et al. 2019; Neal et al. 2012).
Characterizing these signal exchanges at greater temporal and
spatial resolution in these and other plant hosts beyond maize
should be productive in validating or modifying this hypothesis.

The examples discussed here suggest that exudation of cer-
tain classes of compounds by the plants might primarily serve
to modulate the dynamic selection of bacteria from the rhizo-
sphere in response to plant stress. However, the mechanisms
underlying these effects are poorly defined and many gaps re-
main to be filled. Studies that have pinpointed specific chem-
ical classes as a result of their investigations are summarized in
Figure 2. Sugars, amino acids, and organic acids have often
been implicated using a variety of approaches. Interestingly,
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phenolics have been shown to have a range of phenotypic ef-
fects on different microbes, highlighting their potential to be
used by the plant to fine tune community structure based on
specific environmental parameters. Therefore, phenolic com-
pounds warrant further investigations across scales based on the
evidence provided here (Fig. 2A). Fixed microscopy, metab-
olomics, and SIP or BONCAT are underutilized approaches that
likely offer a unique approach to investigating the chemical
crosstalk between plants and their microbes (Fig. 2B to D).
Applying a diverse set of analytical tools to microbial
communities at various complexity levels will advance our
knowledge of the scalability of observed phenotypes and, ul-
timately, help to decipher the mechanisms dictating plant—
microbe interactions across scales.

FILLING THE GAPS: BUILDING
EXPERIMENTAL BRIDGES

The chemical crosstalk between plant hosts and their mi-
crobial communities is complex and dynamic. Many experi-
mental techniques have been used to investigate specific
chemical exchanges and provide ample direct and indirect lines
of evidence implicating compounds from diverse chemical
classes (Fig. 2). Interestingly, investigations from opposite
ends of experimental design spectrums (culture-dependent to
culture-independent, and single strains to wild communities)
often converge on similar mechanisms, suggesting that they are
conserved across a range of biotic complexities. However,
much research remains to be conducted to connect the obser-
vations in different study systems. Microbial communities that
fall in a middle ground between single strains and wild, com-
plex consortia provide a technically feasible system to decipher
specific mechanisms while still accounting for the inherent
biotic complexity of natural systems. These communities are
achieved by enriching for taxa or building them (i.e., synthetic
communities [SynComs]) and provide complementary ways to
approach this experimental design, which may provide an op-
portunity to bridge experimental gaps that remain in the field.

Wild microbial communities can be selectively passaged over
multiple generations under specific environmental conditions.
The resulting enrichment communities often contain many mi-
croorganisms with different abundance as compared with the
starting community, creating a less diverse environment that can
more easily be parsed for causative interactions leading to ob-
served phenotypes. Two studies used this passaging approach to
enrich for microbes that alter flowering time in genetically
identical host plants (Lu et al. 2018; Panke-Buisse et al. 2015).
Both studies serially passaged rhizosphere microbiomes by
harvesting the rhizosphere soil of early- or late-flowering plants
and using it to grow the next generation of plants. Flowering was
proposed to be delayed by certain microbes via their ability to
convert tryptophan into indole acetic acid and increased nitrogen
availability through nitrification, as demonstrated by enzymatic
activity (Lu et al. 2018; Panke-Buisse et al. 2015). Additionally,
the resulting community was enriched for microbes that were
rare in the starting community (Lu et al. 2018). Together, these
passaging studies allowed researchers to link members of in-
digenous microbial communities to specific metabolites related
to an observable plant phenotype. Along with this, they were able
to uncover the contribution of rare microbes, which may have
been overlooked prior to enrichment, without culturing repre-
sentatives. In this manner, passaging or enrichment studies pro-
vide an avenue for identifying specific players within a wild,
complex community that may exert influence under specific
environmental conditions.

In contrast to enrichment studies that use wild community
starting inoculums, SynCom approaches take advantage of the



fact that most microbes present in plant microbiomes have overarching hypotheses generated in high-complexity systems or

cultured representatives (Bai et al. 2015). Microorganisms from previously established macroecological theories, (ii) determining
various isolate collections can be combined into communi- the impact of specific molecular mechanisms in the context of
ties designed to address a variety of research questions. These variable biotic complexity, or (iii) establishing the effect of
can include but are not limited to (i) mechanistically testing emergent properties of microbial communities on microbiome
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Fig. 2. A variety of techniques highlight classes of chemicals driving plant-microbe interactions at different microbial complexities. All chemical classes
discussed here have been identified as drivers of interactions across multiple experimental setups (green shaded boxes). There are gaps within the table (empty
boxes) that highlight high-priority research areas. For example, A, all chemical classes besides phenolic compounds have been linked to plant-microbe
interactions using both culture-dependent and culture-independent techniques listed in the table. Genetic knockouts and amplicon sequencing have been
heavily utilized to answer questions of chemical crosstalk between plants and microbes, but B, fixed microscopy has only explicitly linked plant hormones to
interactions with microbes. C, Metabolomics has the potential to show catabolism or transformation of a variety of chemical compounds in the context of
plant-microbe interactions, as well as changes in exudate composition based on different biotic and abiotic parameters. MALDI = matrix-assisted laser
desorption ionization. D, Techniques that target the active portion of the microbial community such as stable-isotope probing (SIP) and bioorthogonal
noncanonical amino acid tagging (BONCAT) have the potential to provide an abundance of data in complex communities. Experimental technique categories
are subdivided into two to four rows, each representing a microbial complexity ranging from single strains to wild communities. If a technique is not relevant or
technically feasible at a specific community complexity, the row for that level has not been included. Solid microbes represent strains that are known to the
researchers (isolated or sequenced genomes), while open microbes represent communities that are unknown to the researchers (not cultured or sequenced).
Studies are only cited in this table if the results pinpoint specific chemical classes mediating an interaction. References are as follows: 1 = Allard-Massicotte
et al. 2016, 2 = Antunez-Lamas et al. 2009, 3 = Feng et al. 2018, 4 = Webb et al. 2016, 5 = Lebeis et al. 2015, 6 = Webb et al. 2014, 7 = Levy et al. 2018, 8 =
Voges et al. 2019, 9 = Bodenhausen et al. 2014, 10 = Yuan et al. 2018, 11 =Lu et al. 2018, 12 =Li et al. 2019, 13 = Zhalnina et al. 2018, 14 = Wang et al. 2018,
15 = Kudjordjie et al. 2019, 16 = Hu et al. 2018, 17 = Stringlis et al. 2018, 18 = Ryffel et al. 2016, 19 = Starr et al. 2018, 20 = Polisetti et al. 2016, 21 = Peredo
and Simmons 2018, and 22 = Miller et al. 2007.
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functioning. SynComs can be associated with plants under
specific environmental conditions and different readouts such
as amplicon sequencing or metabolomics can be used to in-
vestigate the resulting effects. You can selectively alter the
genetic repertoire of a community by swapping out closely
related strains, dropping out single strains, or mutating specific
genes of interest. Taking this approach to understanding com-
plex community interactions allows specific mechanisms of
interest to be investigated. Furthermore, the use of simplified
and defined microbial communities will likely improve
mechanistic discovery across a range of host-microbe fields.

SynComs are built with a bottom-up approach using a priori
knowledge. The set of knowledge used to build each commu-
nity can vary but typically is based on microbial phylogeny or
taxonomy, cooccurrence networks, or functional diversity data
from previous plant-microbe sequencing efforts (Vorholt et al.
2017). Although SynComs cannot encapsulate the full diversity
of a native soil community, each SynCom selection strategy
allows the possibility to test a different set of hypotheses about
community composition and functions. Common concerns
while building SynComs are which and how many strains to
include. Regarding which strains to choose, there is likely no
“perfect” combination of microorganisms. The community
membership might include a consistent “core” set of microbes
and other changing “satellite” microorganisms (Compant et al.
2019). Core microbes are thought to be taxonomically or
functionally representative of the typical community found
across a variety of plant hosts. Their cosmopolitan presence is
often hypothesized to be due to selective pressures commonly
imposed by plants, or to consistently beneficial traits imparted
by the microbes. However, research is still required to dem-
onstrate that such a community exists and whether all critical
members can be cultured in the laboratory. Additionally, sat-
ellite members likely play important modulatory roles under
different environmental conditions and may be necessary dur-
ing stressful conditions (Compant et al. 2019). Indeed, because
microbiome composition is known to shift in the face of various
perturbations, choosing only those microbes found consistently
across “wild-type” plants and conditions may bias resulting
phenotypes and miss critical members influencing microbiota-
mediated responses to stressful conditions. Regarding how
many strains to include, a balance must be struck between the
two ends of the complexity spectra based on the specific re-
search question at hand. The upper limit of the community size
is bound by both what is feasible to manage consistently in the
laboratory and what is distinguishable by the detection method
chosen (e.g., 16S rRNA gene sequencing). Although highly
simplified communities (n < 10) can much more easily be
parsed and manipulated for mechanistic studies, more complex
combinations (n = 100) likely capture more functional potential
(Vorholt et al. 2017). A range of community sizes could be
utilized in tandem, and the results of each could be combined
and used to create a new community, thereby becoming an
iterative process that improves with time and knowledge.
Similar approaches have been used to facilitate plant selection
of a reduced community from a larger inoculum (Niu et al.
2017).

Understanding how the composition and size of SynComs
influence experimental outcomes will be necessary to establish
standard guidelines and recommendations for future SynCom
design. In the gut microbiome field, a few standardized mi-
crobial communities have been put forth as simplified yet still
representative communities (Elzinga et al. 2019). However, the
implementation of a universal plant SynCom still requires ex-
tensive characterization to establish appropriate membership,
size, and usefulness to a variety of biological questions. Be-
yond community composition, there have been recent efforts
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attempting to standardize other components of plant—microbe
studies. Ecosystem Fabrication (EcoFAB) setups attempt to
increase reproducibility of biogeochemical parameters across
laboratories (Zengler et al. 2019). EcoFABs are a first step to
facilitating comparisons of experimental results investigating
the plant microbiome across different laboratories.

SynCom have been successfully implemented to reveal both
ecological and plant-selective processes occurring during com-
munity assembly (Bodenhausen et al. 2014; Voges et al. 2019).
Cairns et al. (2018) serially passaged a 33-member community in
vitro for 48 days to investigate coexistence and stability over
extended time scales. Because the researchers wished to test the
overarching ecological question of coexistence, they eliminated
the potential influence of coadaptation from similar native en-
vironments by choosing SynCom members from a variety of
source material, including plants and soils (Cairns et al. 2018). In
a plant system, a SynCom built using taxonomic data from
amplicon sequencing of wild communities was used to de-
termine that salicylic acid directly and indirectly influences root
microbiome composition (Lebeis et al. 2015). Composing Syn-
Coms based on microbial functions has been applied to increase
P; content in the leaves of Arabidopsis thaliana plants grown in
phosphate-limited conditions (Herrera Paredes et al. 2018).
These examples highlight the variety of methods that can be used
to select and combine microbial members into SynComs to an-
swer different questions of interest.

Despite being distinct in scales, molecular and ‘omics studies
identify numerous chemical classes such as sugars and amino
acids that play general roles in attracting and supporting the
growth of a wide variety of bacteria. Other compounds such as
phenolics and phytohormones may play a more regulatory role
in structuring plant-associated microbial communities. How-
ever, the specific mechanisms by which bacteria detect and
navigate toward or away from plants in response to these sig-
nals are generally absent. It may be that bacterial chemotaxis
receptors or sensors with these functions are yet to be discov-
ered, or that these chemicals act on established microbial
communities indirectly. Clearly, additional analytical methods
that track specific chemicals through time and space are needed
to fully appreciate the extraordinarily dynamic and complex
nature of these environments. Understanding plant—microbe
interactions between scales of complexity remains a critical gap
that must be filled to advance basic knowledge and to improve
the field success of bioinoculants. Although beneficial mi-
crobes surely aid in plant growth, those that are developed into
agricultural products often have inconsistent success when they
are deployed into microbially rich fields (Compant et al. 2019).
To understand how the complexity of the biological system
contributes to the successes and failures of beneficial microbes
in an agricultural setting, it is necessary to establish how the
rules of plant-microbe interactions change with dynamic
community complexity. Refined communities such as Syn-
Coms and enrichment communities represent a possible avenue
to bridge these gaps and decipher the chemical signals that
underlie the assembly of plant-associated microbial commu-
nities (Fig. 1).
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